All relevant data are within the paper.

1. Introduction {#sec001}
===============

Microbial adhesion, as the first step of biofilm formation, constitutes a critical stage in biofilm development and management \[[@pone.0172113.ref001]\]. This process is of great interest in a wide range of domains such as environmental biotechnology \[[@pone.0172113.ref002]--[@pone.0172113.ref004]\], different medical fields \[[@pone.0172113.ref005],[@pone.0172113.ref006]\] or industrial processes \[[@pone.0172113.ref007]--[@pone.0172113.ref010]\]. A better understanding of the impact of wall shear stress on the microbial adhesion is crucial to prevent sanitary and economic issues associated to the development of detrimental biofilms. In addition, it could help to develop and to optimize beneficial biofilm applications, such as water and wastewater treatment, bioremediation or industrial biotechnology.

Hydrodynamic forces play a key role in microbial adhesion \[[@pone.0172113.ref001],[@pone.0172113.ref011]\]. Adhesion involves the transport of bacteria towards the substratum surface and their attachment on it. The hydrodynamic conditions can have an ambivalent effect on adhesion mechanisms. On one hand, a low wall shear stress applied on the biofilm substratum may limit the detachment forces and may promote bacterial adhesion. On the other hand, increasing the mixing efficiency and the convective transport can also promote microbial adhesion, as it facilitates the access of bacteria to the substratum. However, in the turbulent flows applied in industrial water systems, a higher mixing efficiency is associated with higher wall shear stresses, preventing a long-lasting bacterial adhesion. It was indeed reported not only a decreasing number of adhesion events while increasing the shear, but also an increasing number of firmly attached bacteria \[[@pone.0172113.ref012]\]. Also, another study obtained the highest level of adhesion in microfluidic channel for intermediate values of shear \[[@pone.0172113.ref013]\]. Thus, despite the large number of studies dealing with the impact of shear stress on adhesion coverage, many aspects remain unclear.

In addition, shear can also qualitatively impact the attached bacterial communities. To our knowledge, only few studies have investigated the adhesion step of real and diverse microbial communities in turbulent flows \[[@pone.0172113.ref004],[@pone.0172113.ref014]\]. It could be interesting to investigate whether or not bacterial interactions can influence the adhesion step and the impact of the hydrodynamic conditions on it. Also, to know whether or not shear can be used to control or select the bacterial communities during the adhesion step is of great interest. Such control could help to avoid pathogens in industrial and medical biofilms or to promote the settlement of specific strategic populations in environmental bioprocesses (e.g., methanogenic *Archaea*, Anammox bacteria...).

Other than the wall shear stress, microbial adhesion has also been widely reported to be affected by the substratum characteristics. This second parameter can influence the balance between substratum-micro-organisms attachment forces and the detachment forces exerted by the hydrodynamic stress. Indeed, all microbial species have their own intrinsic features that determine their attachment ability. This ability is related to the substratum properties, such as surface energy, hydrophobicity or roughness. In addition, the affinity of a microorganism to a given substratum material plays a key role in both quantitative and qualitative properties of adhesion. For example, different types of substrata in terms of surface energy and hydrophobicity were characterized and significantly different adhesion of *Listeria monocytogenes* were obtained depending on the substratum \[[@pone.0172113.ref007]\]. In addition, significant differences in terms of bacterial surface coverage and structure of bacterial communities attached were found when seven materials (including glass, plastics and stainless steel) were compared \[[@pone.0172113.ref004]\].

In the literature, most of the research has been devoted to the impact of shear on biofilm adhesion in pure culture and under laminar flow and/or low wall shear stresses \[[@pone.0172113.ref012],[@pone.0172113.ref015],[@pone.0172113.ref016]\]. Nevertheless, in industrial and man-made processes as well as in natural environments, adhesion is mediated by many different strains of microorganisms \[[@pone.0172113.ref005],[@pone.0172113.ref007]\]. Moreover, the complex hydraulic circuits found in industrial processes make the range of encountered shears and Reynolds numbers very wide \[[@pone.0172113.ref010],[@pone.0172113.ref017]\]. Thus, the novelty of this work lies on the application of working conditions more relevant to mimic industrial process, in terms of hydrodynamic conditions and bacterial community. To fill this research gap, a wide range of wall shear stresses, 0.09--7.3 Pa, equivalent to a range of wall shear rates of 86--7300 s^-1^, were tested in this study. This range reflects the wide variety of laboratory and industrial hydrodynamic systems in which biofilms can be found \[[@pone.0172113.ref017],[@pone.0172113.ref018]\]. A diverse inoculum consisting of activated sludge collected in a wastewater treatment plant was used. To evaluate the impacts of the shear stress, the microbial communities and the adhesion quantification and distribution were analyzed on two different materials as substratum. Polypropylene (PP) and polyvinyl chloride (PVC) were chosen as materials, as they have been found to have different adhesion characteristics \[[@pone.0172113.ref004]\]. Moreover, both materials are relevant in industrial and environmental bioprocesses (tubing, biofilm carriers...). Thus, the objective of this work was to assess the impact of the wall shear stress on the adhesion process of a complex and diverse inoculum under turbulent hydrodynamic conditions, parameters being more relevant to mimic bioprocess engineering issues.

2. Methods {#sec002}
==========

2.1 Reactor characteristics {#sec003}
---------------------------

Rotating annular reactors--also named Couette-Taylor reactors (CTR)--from Biosurface Technologies Cord, Bozeman, USA (model 1320LJ) were used to investigate the microbial adhesion. These reactors present several advantages. The liquid phase is completely mixed, ensuring an uniform distribution of bacteria in the bulk phase \[[@pone.0172113.ref019]\]. The constant distribution of the wall shear stress makes also this reactor very suitable for the purposes of this work. Furthermore, hydrodynamic conditions and flow regimes are well-defined \[[@pone.0172113.ref020],[@pone.0172113.ref021]\] and shear stress can be accurately estimated \[[@pone.0172113.ref014],[@pone.0172113.ref022]\]. Also, high Reynolds numbers ensure the establishment of a turbulent flow.

Reactors consisted of two concentric glass cylinders, a rotating inner cylinder and a non-rotating outer cylinder. The inner cylinder was driven by a motor whose rotational speed could be selected--from 25 to 350 rpm--allowing the selection of different wall shear stresses. The radius of the inner cylinder (r~i~) and the outer cylinder (r~e~) were 70 and 98 mm respectively. The gap (δ) between the two cylinders was 28 mm for a 3 liters volume. Up to 20 removable slides could be placed on the inner cylinder and they were beveled to perfectly fit slots present on the inner cylinder thus minimizing local secondary flow. The available surface area for adhesion was 18.75 cm^2^ (150 mm x 12.5 mm) per slide.

Slides of polyvinyl chloride (PVC) and polypropylene (PP) were used in the present study. They were previously characterized in terms of surface energies and roughness \[[@pone.0172113.ref004]\]. [Table 1](#pone.0172113.t001){ref-type="table"} presents the surface energies for the PP and PVC slides. The roughness characteristics are not presented because very similar results were obtained for both PP and PVC (average roughnesses being 0.041 and 0.038 μm, respectively). Detailed data are available in the literature \[[@pone.0172113.ref004]\]. Concerning the characterization of the surface energy, the contact angles measurement method was used \[[@pone.0172113.ref023]\]. A goniometer (G10, Krüss) measured the contact angles on cleaned slides with deionized water, formamide and diiodomethane.
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###### Characterization of the two materials used as substrata: polyvinyl chloride (PVC) and polypropylene (PP).

![](pone.0172113.t001){#pone.0172113.t001g}

        Surface energies (mJ.m^-2^)              
  ----- ----------------------------- ---------- ---------
  PP    35.6±1.7                      34.1±1.4   1.6±1.0
  PVC   51.2±1.9                      43.1±1.5   8.1±1.2

γ surface energy; γLW, Lifshitz--Van der Waals component; γAB, polar component. Data extracted from \[[@pone.0172113.ref004]\].

2.2. Hydrodynamics and wall shear stress {#sec004}
----------------------------------------

Hydrodynamic conditions and flow regimes in CTR are well documented. The characteristic of the flow regimes in a CTR have been well described elsewhere \[[@pone.0172113.ref020],[@pone.0172113.ref021],[@pone.0172113.ref024]\] and are defined by the dimensionless number of Taylor (Ta): $$Ta = \frac{\Omega\ r_{i}^{\frac{1}{2}}\ \delta^{\frac{3}{2}}}{\nu}$$ where r~i~ is the radius of the inner cylinder (m) δ is the gap between the two cylinders (m), Ω is the rotational speed of the inner cylinder (rad.s^-1^) and ν is the kinematic viscosity of water (m^2^.s^-1^). Both numbers are often described as the ratio between inertial forces--centrifugal forces in CTR--and viscous forces. They can also be used to determine the turbulence onset.

Calculations based on literature \[[@pone.0172113.ref020],[@pone.0172113.ref021],[@pone.0172113.ref024],[@pone.0172113.ref025]\] highlighted a Ta = 500 for the onset of a turbulent flow. Even at the lowest rotational speed of 25 rpm on our system, Ta equaled 3.245, ensuring that a turbulent flow was effective during the microbial adhesion tests. The wall shear stress (τ) was also well defined in the CTR. As described and applied in the literature \[[@pone.0172113.ref014],[@pone.0172113.ref022]\], the following equations can be used to estimate τ: $$\tau = 2.13\frac{\left( \frac{r_{i}}{r_{e}} \right)^{\frac{3}{2}}}{\left( {1 - \frac{r_{i}}{r_{e}}} \right)^{\frac{7}{4}}}\ {Re}^{1.445}\frac{\rho\nu^{2}}{2\pi r_{i}^{2}}\mspace{90mu}\text{for}\ \text{Re} > 800$$ $$\tau = 0.113\frac{\left( \frac{r_{i}}{r_{e}} \right)^{\frac{3}{2}}}{\left( {1 - \frac{r_{i}}{r_{e}}} \right)^{\frac{7}{4}}}\ {Re}^{1.764}\frac{\rho\nu^{2}}{2\pi r_{i}^{2}}\mspace{90mu}\text{for}\ \text{Re} > 10^{4}$$ where ρ is the density of water (kg.m^-3^), r~e~ the radius of the outer cylinder (m) and Re the dimensionless number of Reynolds defined as: $$Re = \frac{\Omega r_{i}\delta}{\nu}$$

For the lowest available speed of 25 rpm, Re equaled 5,131 and the wall shear stress on the inner cylinder was 0.09 Pa. For the highest rotational speed of 350 rpm, τ equaled 7.3 Pa. Two intermediate wall shear stresses were also tested: 3.7 Pa, which corresponds to the center on a linear scale between the highest and the lowest shears and 0.79 Pa, which corresponds to the center on a logarithmic scale between the highest and the lowest shears. These four wall shear stresses are equivalent to 86--787--3700 and 7300 s^-1^ wall shear rates (5,000 \< Re \< 72,000).

2.3. Microbial adhesion protocol {#sec005}
--------------------------------

The inoculum of the reactors was the supernatant of an activated sludge process. For each experiment (Var 1 and 2, Shear 1 and 2 and Mat experiments), twenty liters of fresh aerobic activated sludge were collected the day before from a wastewater treatment plant (Armissan, France). The activated sludge was settled for one hour and ten liters of the supernatant was recovered in a glass bottle. This procedure was necessary in order to remove the flocs of sludge from the inoculum. The deposition of these flocs on the slides strongly compromised the microscopic observation after the DAPI treatment. The supernatant was then fed for 24h in aerobic conditions with a medium made of yeast extract, meat extract and peptone in proportions 1/1/1. The amount of substrate to be added was calculated to reach an initial Chemical Oxygen Demand (COD) over Volatile Suspended Solids (VSS) ratio (S/X) of 0.1g~COD~.g~VSS~^-1^, corresponding to a low organic load. By this procedure, bacteria were able to grow, obtaining an active and concentrated inoculum. Before starting the experiments, it was checked that a low soluble COD concentration had been reached in the inoculum. Values between 30 and 80 mg.L^-1^ were obtained. These low values and the short contact time during the experiment allowed to prevent a significant bacterial growth during the adhesion process.

Before each experiment, the reactors and the new slides were sterilized with a detergent solution (RBS 35, Traitements Chimiques de Surfaces, Frelinghien, France) used at a concentration of 5% vol/vol. They were then rinsed with autoclaved water. First, the rotation of the inner cylinder was turned on at the determined speed and then 3 liters of inoculum were pumped into the reactor. The preparation steps were carried out in that precise order to avoid any contact between the inoculum and the slides when no shear was applied. Similarly, at the end of the one-hour contact time between the inoculum and the slides, the reactors were systematically washed out to remove the planktonic bacteria before the rotation of the cylinder was switched off. The slides extraction from the reactor was a time consuming step as each slide was treated right after its extraction for either morphological or microbiological characterizations. To avoid any adhesion during this timeframe while no shear was applied on the slides, this wash-out protocol was required. It ensured that the observed adhesion necessarily occurred when shear was applied on the slides. Thus, after a one-hour contact time between bacteria and slides, the reactors were washed out for one hour with a sterile solution continuously pumped in the reactors. This solution consisted of the outlet of the wastewater treatment plant sampled the day before the experiment as well. Before its addition in the reactor, this solution was filtered at 30 μm on a nylon filtration cloth (Fisherbrand, Fisher Scientific) to avoid abrasion on slides and it was autoclaved to ensure that it was sterile. Eight volumes of the solution were added in the reactors corresponding to a flow rate of 400 ml.h^-1^. By this way, almost no bacteria remained in the liquid phase when rotation was stopped (\> 3 log decrease in planktonic bacteria concentration). Growth might be possible during the wash-out step but should be really limited given the COD concentration and composition (concentration lower than 40 mg/L and including recalcitrant COD) at the outlet of a low-load activated sludge process as the one collected. Slides were finally removed from the reactor and rinsed by immersion in a 0.2 μm filtered outlet of the wastewater treatment plant before being processed either for morphological or microbiological characterizations.

2.4. Morphological structure analysis {#sec006}
-------------------------------------

### 2.4.1. Image acquisition {#sec007}

All the solutions used for staining the slides and for image acquisition were prepared with a 0.2 μm filtered outlet of the wastewater treatment plant. This allowed to minimize changes in osmotic and ionic forces and to avoid the detachment of bacteria on the substratum.

Once carefully removed from the reactor, the slides were rinsed and stained in a DAPI (4',6-diamidino-2-phenylindole) solution. Microscopic observations were done with an Olympus BX 60-F microscope. The acquisition was realized with a CCD Nikon Digital Camera DXM 1200F. Images with a dimension of 1280x1024 pixels^2^, equivalent to 0.013 mm^2^, were acquired in lossless RGB tif format. The acquisition parameters such as exposure time, sensitivity, use of UV filter (excitation filter: 330--385 nm, barrier filter: 420 nm) were kept constant for a given material and a given experiment. Sixty images equivalent to 0.78 mm^2^ were recorded per slide.

### 2.4.2. Image processing {#sec008}

Images were processed using the software Image J \[[@pone.0172113.ref026]\]. First of all, the function "Subtract Background" was used to remove heterogeneous light distribution. Images were then binarized using the "Color threshold" and "Binary" functions. Finally, the functions "Close" and "Open" were applied in order to fill small holes and remove isolated pixels considered as noise.

From these black and white images, three parameters were calculated:

-   surface coverage defined here as the fraction of black pixels over the total pixels (black and white pixels),

-   number of particles, whatever their size and shape,

-   average size of particles, whatever their shape.

Statistical analyses were then performed on these parameters with the statistical software R 2.15. Boxplots were used to control image processing quality and remove misprocessed pictures. Indeed, the image processing might be prone to mistakes. Also, some DAPI crystals or aggregates may have been recorded by mistake. Boxplots were then used as a way to control pictures quality and to check whether or not a problem occurred. If a problem was identified, then the picture was visually checked and eliminated from the dataset. ANOVA and t-tests were performed to assess the statistical significance of our results (tests were considered significant for p-values \< 5x10^-2^).

2.5. Microbiological structure analysis {#sec009}
---------------------------------------

### 2.5.1. DNA extraction {#sec010}

The slides were rinsed by immersion in a 0.2 μm filtered outlet of the wastewater treatment plant and scraped with moistened sterile quartz wool. This bacteria harvesting method has been tested by staining scraped slides--same protocol as the one described in the image acquisition section--to check that the adhered bacteria were removed from the substratum. The wool was frozen at -20°C until DNA extraction was performed using the QIAamp DNA Stool Minit Kit (Qiagen, Germantown, MD, USA), in accordance with manufacturer instructions. The quantity and purity of DNA was checked by spectrometry. In average, 21 ng.μL^-1^ were recovered from the quartz wool samples.

### 2.5.2. PCR-SSCP {#sec011}

Bacterial communities were characterized by PCR-SSCP (Single Strand Conformation Polymorphism) fingerprinting technique \[[@pone.0172113.ref014],[@pone.0172113.ref027]\]. The V3 region of the 16S rRNA gene were amplified for *Bacteria* with a fluorescent dye-labelled W49F primer (`AGGTCCAGACTCCTACGGG`) and W104R primer (`TTACCGCGGCTGCTGGCAC`) \[[@pone.0172113.ref014],[@pone.0172113.ref027]\]. During the amplication process, the amplified DNA also inherits the fluorochrome from the dyed-labelled primer allowing its detection by fluorescence. The amplification thermal cycle was as follows: an initial 2 min denaturing step at 94°C, 25 cycles at 94°C for 30 s, at 61°C for 30 s and at 72°C for 30 s and a final 10 min elongation step at 72°C. Approximately 0.15 ng of PCR products were then used for the capillary electropheresis single-strand conformation polymorphism (CE-SSCP), as described by Rochex *et al*. (2008) \[[@pone.0172113.ref014]\]. This method allows to obtain a single strand conformation of DNA which depends on the sequence. Briefly, 1 μL of PCR products (diluted if required) was placed in a mixture of formamide (18.925 μL) and a size standard (0.075μL) (ROX GeneScan 400, Applied Biosystems). The mix was denaturated at 95°C for 5 min and rapidly cooled in ice. Single stranded DNA were then separated by capillary electrophoresis by using ABI 3130 genetic analyzer (Applied Biosystems).

### 2.5.3. Fingerprinting profile statistical analysis {#sec012}

As described by Milferstedt *et al*. *(2013)* \[[@pone.0172113.ref028]\], bacterial fingerprints from the CE-SSCP profiles were processed with the Statfingerprints package \[[@pone.0172113.ref029]\] implemented in the software R 2.12 \[[@pone.0172113.ref030]\]. They were aligned based on the ROX internal size standards and normalized. To compare SSCP profiles more easily, Principal Component Analysis (PCA) was performed by using the package vegan designed for community ecology studies \[[@pone.0172113.ref031]\]. The PCA allowed to aggregate the differences between all SSCP profiles, i.e. their genetic differences, and to summarize most of the information in a one or two dimensional space. This procedure sums up the information contained in the SSCP profiles and makes the representation of several samples on the same graph.

2.6. Strategy for microbial adhesion study {#sec013}
------------------------------------------

The effect of wall shear stress on microbial adhesion was studied in three successive phases ([Table 2](#pone.0172113.t002){ref-type="table"}). For the experiments with more than one shear tested, up to three CTR were used simultaneously, each exhibiting a given shear stress. Both morphological--spatial pattern of adhesion--and microbiological--bacterial communities--structures were characterized. These two characterizations being time-consuming, a maximum of twenty slides per experiment were processed. As a consequence, the number of slides per condition had to be adapted depending on the number of running CTR and tested materials.
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###### Description of the different experiments carried out.

The two right-hand columns represent the number of slides per reactor that has been processed for morphological or microbiological characterization, respectively.

![](pone.0172113.t002){#pone.0172113.t002g}

  Aim                      Experiment Name   Number of CTR     Wall shear stress (Pa)   Slides per CTR for morphological investigations   Slides per CTR for microbiological investigations
  ------------------------ ----------------- ----------------- ------------------------ ------------------------------------------------- ---------------------------------------------------
  Variability              Var 1             1                 7.3                      4 PP + 4 PVC                                      6 PP + 6 PVC
  Var 2                    1                 0.09              4 PP + 4 PVC             6 PP + 6 PVC                                      
  Impact of shear stress   Shear 1           3                 0.09--3.7--7.3           2 PP                                              4 PP
  Shear 2                  3                 0.09--0.79--7.3   3 PP                     3 PP                                              
  Material                 Mat               2                 0.09--7.3                2 PP + 2 PVC                                      3 PP + 3 PVC

The different experimental designs are summed up in [Table 2](#pone.0172113.t002){ref-type="table"}, in which the number of reactors simultaneously operated, the corresponding support material and the wall shear stresses tested are described. The phase and objective of each experiment is reported as well.

The first phase (phase 1) consisted in checking the variability of the biofilms grown simultaneously in one reactor. By demonstrating that two slides placed in the same reactor had a satisfying repeatability, it was possible to reduce the required number of slides per operating condition (*i*.*e*., per reactor) and to increase the number of reactors for phases 2 and 3. The total number of analyzed slides was the same from one experiment to another, but their repartition changed depending on the number of CTR in operation.

In phase 1, two runs (Var 1 and Var 2) were carried out in order to investigate the variability in the adhesion on the two substrata (PP and PVC) at the extreme wall shear stresses of 0.09 and 7.3 Pa. Then, four wall shear stresses ranging from 0.09 to 7.3 Pa were tested to investigate the impact of hydrodynamic strengths on adhesion for PP substratum (phase 2). A first run was carried out with three wall shear stresses: 0.09, 7.3 and an intermediate value of 3.7 Pa. In a second run, 0.09 and 7.3 Pa were repeated to be used as references and the intermediate value was changed to 0.79 Pa. Finally, in phase 3 another material, PVC, was used to confirm the results obtained on PP. Two CTR, operated at different wall shear stresses-- 0.09 and 7.3 Pa--and containing both material slides, were carried out, and PP slides were used as control. The effect of both shear stress and material on the adhesion was investigated.

3. Results {#sec014}
==========

The variability tests performed on both materials at 7.3 and 0.09 Pa (phase 1) are presented as Supporting Information ([S1 Fig](#pone.0172113.s003){ref-type="supplementary-material"} and [S1 Table](#pone.0172113.s001){ref-type="supplementary-material"}). They show that slides of the same material placed in the same reactor were not significantly different for both morphological and microbiological parameters.

3.1 Impact of the wall shear stress on the microbial adhesion {#sec015}
-------------------------------------------------------------

During this second phase, only PP material was used as a substratum as PP slides demonstrated more repeatable results. Two runs were carried out, Shear 1 and Shear 2, allowing to test four different wall shear stresses ranging from 0.09 to 7.3 Pa ([Table 2](#pone.0172113.t002){ref-type="table"}). For each experiment, three CTR were simultaneously run, each of them containing six slides. For Shear 1 experiment, two slides per CTR were dedicated to morphological characterization and four slides for microbiological treatment. For Shear 2 experiment, three slides respectively were used for both kinds of characterization ([Table 2](#pone.0172113.t002){ref-type="table"}).

### 3.1.1. Morphological structure {#sec016}

In this section, data were collected on two and three independent replicas (slides) per CTR in Shear 1 and Shear 2 experiments, respectively ([Table 2](#pone.0172113.t002){ref-type="table"}). [Fig 1](#pone.0172113.g001){ref-type="fig"} shows four representative microscopic pictures observed at the four shears. In addition, [Fig 2](#pone.0172113.g002){ref-type="fig"} presents the results for the three parameters describing the physical structure of the microbial adhesion. For each graph, four points corresponding to the four wall shear stresses-- 0.09, 0.79, 3.7, 7.3 Pa--are presented. Since the adhesion characteristics were obtained thanks to two successive runs (Shear 1 and Shear 2 experiments), all the values were scaled by using the results obtained at 0.09 Pa as reference. As a consequence, for a given parameter, values obtained for 3.7 Pa and 0.79 Pa were divided by the ones obtained at 0.09 Pa in Shear 1 and Shear 2 experiments, respectively. Therefore, for 7.3 Pa, two experimental results were measured (one per experiment) and the average values with the standard deviations are represented. This procedure aimed at graphically represent all four shear stresses on the same panel despite the fact data originated from different runs. However, statistical tests (ANOVA and t-tests whose p-values are mentioned above) were performed on unscaled original values coming either from one experiment or the other. Original means obtained from unscaled results are available in the Supporting Information [S2 Table](#pone.0172113.s002){ref-type="supplementary-material"}.

![Epifluorescence microscopic pictures acquired during Phase 2, Shear 1 and Shear 2 experiments.\
Different wall shear stresses were tested: 0.09 Pa (A), 0.79 Pa (B), 3.7 Pa (C) and 7.3 Pa (D). Pictures were obtained with a 60x water immersion objective.](pone.0172113.g001){#pone.0172113.g001}

![Results of the morphological characterization for Phase 2, shear stress impact test.\
Three morphological parameters--surface coverage (A), number of particles (B), average size of particles (C)--are reported for the different wall shear stresses tested (Shear 1 and Shear 2 experiments). Data result from microscopic observations and image analysis of acquired pictures. As mentioned in [Table 2](#pone.0172113.t002){ref-type="table"}, two and three slides of PP were characterized per reactor for Shear 1 and Shear 2, respectively. In order to compare on the same graph the four wall shear stresses tested, original values were scaled by the value obtained at 0.09 Pa shear. The y-axis represents this ratio, hence it is dimensionless.](pone.0172113.g002){#pone.0172113.g002}

ANOVA tests were performed, demonstrating a highly significant impact of the shear stress on both quantitative (*i*.*e*., the surface coverage) and qualitative aspects (*i*.*e*., number and size of particles) with p-values lower than 10^−16^, for both Shear 1 and Shear 2 experiments respectively.

The increase in the surface coverage with increasing the shear is visualized in [Fig 1](#pone.0172113.g001){ref-type="fig"}. Pictures 1a and 1b, corresponding to the lowest shear stresses, present a surface coverage much lower than pictures at 3.7 and 7.3 Pa. This is confirmed with [Fig 2A](#pone.0172113.g002){ref-type="fig"}. The two lowest shear stresses had low and similar values of surface coverage, but they were five times higher at 3.7 and 7.3 Pa. As a consequence, shear stress triggered a non-linear increase in the quantity of attached bacteria until a plateau was reached.

In addition to these quantitative aspects, [Fig 1](#pone.0172113.g001){ref-type="fig"} illustrates a change in the distribution pattern of cells on the substratum surface. Single cells were randomly scattered on the surface at 0.09 Pa and at 0.79 Pa. However, at a shear stress of 3.7 Pa, the picture shows that bacteria gathered and formed small clusters even if isolated attached bacteria remained numerous. Since during the adhesion phase the liquid solution was depleted in nutrients, the formation of clusters was only related to aggregation of cells, according to the shear stress and not to the growth of microorganism. Therefore, these aggregates are considered as clusters, and not as micro-colonies (whose formation is linked to growth). At 7.3 Pa, single bacterial cells were still observed, but their number significantly decreased. Most of the surface coverage consisted of bacteria gathered as clusters.

The change in the distribution pattern and the formation of clusters are also highlighted on [Fig 2](#pone.0172113.g002){ref-type="fig"}. The variation of the average size of attached particles was linear, with R^2^ equal to 0.96 ([Fig 2B](#pone.0172113.g002){ref-type="fig"}). The size of the detected particles increased with the shear. On the other hand, the variation of the number of detected particles was unexpected ([Fig 2C](#pone.0172113.g002){ref-type="fig"}). The maximum value was obtained at 3.7 Pa, with twice as particles as at 0.09 Pa and even 20% higher than at 7.3 Pa. It should be noted that at 3.7 and 7.3 Pa, the surface coverages were not significantly different, with approximately 6.29 and 6.08%, respectively, and an ANOVA p-value of 0.37. However, the number and size of particles differed significantly, with p-values of 5x10^-9^ and 3x10^-7^, respectively. A higher number of particles may indeed compensate a lower average size, leading to similar surface coverages. In fact, well-formed clusters, made of several bacteria, were counted as one particle of greater size. The formation of bigger clusters at 7.3 Pa explains why the adhesion presented a pattern with less detected particles but with an average size higher than at 3.7 Pa.

Thus, morphological analysis demonstrated a clear variation in the spatial distribution when increasing the wall shear stress, from a single-cell pattern to a cluster pattern. The average size of particles increased with the shear, highlighting the intensification of this phenomenon.

### 3.1.2 Microbiological structure {#sec017}

The impact of the shear stress on the bacterial communities was also investigated. Data were collected on four and three independent replicas (slides) per CTR in Shear 1 and Shear 2 experiments, respectively ([Table 2](#pone.0172113.t002){ref-type="table"}). One Principal Component Analysis (PCA) per experiment was performed on SSCP profiles coordinates. Results are presented in [Fig 3](#pone.0172113.g003){ref-type="fig"}. On each graph, y-axis corresponds to the first principal component which gathers 88% and 79% of the information contained in the SSCP profiles for Shear 1 and Shear 2 experiments, respectively. Given the low percentage of information aggregated on the second component PC2 (8.5 and 9.7% for Shear 1 and Shear 2 experiments, respectively), only PC1 is used for the representation of the data that in exchange considerably improves the accessibility of the results. Nevertheless, a version of [Fig 3](#pone.0172113.g003){ref-type="fig"}. as biplots consisting of PC1 and PC2 is available in the Supporting Information [S2 Fig](#pone.0172113.s004){ref-type="supplementary-material"}. In addition, original PCR-SSCP profiles of inocula and slides are available in the Supporting Information [S3 Fig](#pone.0172113.s005){ref-type="supplementary-material"}.

![Results of the microbial community characterization for Phase 2, shear stress impact test.\
Attached bacterial communities on PP slides with wall shear stress tested for Shear 1 (A) and Shear 2 (B) experiments are presented. Each point (●) corresponds to one slide. As mentioned in [Table 2](#pone.0172113.t002){ref-type="table"}, four and three slides of PP were characterized per reactor for Shear 1 and Shear 2, respectively. One slide is missing (Shear 1, 0.09 Pa) because the DNA extraction did not succeed, hence three replicates are represented on the plot. Y-axes are the first Principal Component resulting from the PCA performed on each experiment. For Shear 1 and Shear 2, the first Principal Component sums up 88% and 79% respectively of the total information that are contained in SSCP profiles.](pone.0172113.g003){#pone.0172113.g003}

For experiments Shear 1 ([Fig 3A](#pone.0172113.g003){ref-type="fig"}) and Shear 2 ([Fig 3B](#pone.0172113.g003){ref-type="fig"}), a progressive change of the attached communities with the increasing shear is observed. The distribution of the profiles was found to be strongly dependent on the shear stress applied during the adhesion experiment.

3.2 Impacts of wall shear stress and material on the microbial adhesion {#sec018}
-----------------------------------------------------------------------

In the third phase, in order to check the impact of the wall shear rate on the adhesion on different materials, PP and PVC slides were used (Mat experiment in [Table 2](#pone.0172113.t002){ref-type="table"}). PP and PVC are common plastic materials used in industrial processes and they present distinct adhesion characteristics \[[@pone.0172113.ref004]\]. As the number of slides per reactor increased when studying these materials, only two reactors were carried out at the extremes wall shear stresses of 0.09 and 7.3 Pa. Each CTR contained ten slides, five of PVC and five of PP. Among these five slides, two were dedicated to morphological characterization and three were used for the microbiological characterization ([Table 2](#pone.0172113.t002){ref-type="table"}).

### 3.2.1. Morphological structure {#sec019}

The surface coverage, the number and the average size of detected particles were characterized for PP and PVC slides at both wall shear stresses ([Fig 4](#pone.0172113.g004){ref-type="fig"}). For these results, data were collected on two independent replicas (slides) per CTR and per material ([Table 2](#pone.0172113.t002){ref-type="table"}). For PP, surface coverage at high shear was 3.5 times higher than at low shear, confirming the previous results. This difference between surface coverages at high and low shear stress was more pronounced for PVC with a 4.2-fold increase. This increase was explained for both materials by an increase in the average size and number of particles. For PP, the average size increased by 35% while the number of particles had a 150% increase from low to high shear. Similar trends were observed for PVC, with increases of 60% and 160% for size and number of particles, respectively. Welch's t-tests were performed on each parameter to compare low and high shear values and a high level of significance was obtained for all tests (p-value lower than 10^−16^). As a consequence, the impact of the shear in both qualitative and quantitative microbial adhesion features was confirmed on PVC material, with an increase in the quantity of attached bacteria (i.e. surface coverage) and in the size of detected particles, highlighting the formation of clusters.

![Results of the morphological characterization for Phase 3, material test.\
Bar plots representing the surface coverage (A), the average size of particles in μm^2^ (B) and the number of particles per cm^2^ (C) obtained for both materials PP and PVC (Mat experiment). Empty bars are for low wall shear stress (0.09 Pa) and hatched bars are for high wall shear stress (7.3 Pa). As mentioned in [Table 2](#pone.0172113.t002){ref-type="table"}, two slides of PP and two slides of PVC were characterized per reactor. Standard variations are represented. They were calculated from the gathering of the 120 pictures recorded from the two slides.](pone.0172113.g004){#pone.0172113.g004}

The comparison of the adhesion characteristics on both materials at a given shear stress is also interesting. Based on previous work performed by our laboratory \[[@pone.0172113.ref004]\], PP was considered as a slightly rougher material and with a significantly lower surface energy than PVC, as shown by both non polar and polar components γ^LW^ and γ^AB^, respectively ([Table 1](#pone.0172113.t001){ref-type="table"}). Regarding the microbial adhesion, PP substratum presented higher values for all three parameters at both shears. Welch's t-tests were also performed and demonstrated a high significance of the impact of the material on the adhesion. These data confirm the results obtained in a previous work \[[@pone.0172113.ref004]\], where materials with lower surface energy were associated to higher surface coverages. Var 1 and Var 2 also presented similar trends (data not shown). Altogether, these data demonstrate that: (i) the impact of the shear observed on PP was reproducible to another material (PVC) with different surface energy properties and (ii) both the material and the shear had a significant effect on the quantitative and qualitative features of the early biofilm morphology.

### 3.2.2. Microbiological structure {#sec020}

Fingerprinting of the attached bacterial communities was also determined for each material and shear. Data were collected on three independent replicas (slides) per CTR and per material ([Table 2](#pone.0172113.t002){ref-type="table"}). As for [Fig 3](#pone.0172113.g003){ref-type="fig"} and [Fig 5](#pone.0172113.g005){ref-type="fig"} represents the Principal Component plot performed on SSCP profiles, where only the first Principal Component (70%) is represented (PC2 equaled 15%). Nevertheless, a biplot consisting of PC1 and PC2 is available in the Supporting Information [S2 Fig](#pone.0172113.s004){ref-type="supplementary-material"}. In addition, original PCR-SSCP profiles of inoculum and slides are available in the Supporting Information [S3 Fig](#pone.0172113.s005){ref-type="supplementary-material"}. The communities adhered at the low or high shear stresses are well separated along the first Principal Component, indicating a strong impact of the shear on the structure of the microbial community adhered on both PVC and PP materials. However, the nature of the plastic materials tested did not have a significant impact on the adhesion of microorganisms on its surface.

![Results of the microbial community characterization for Phase 3, material test.\
Principal Component plot performed on the bacterial communities harvested on slides of both PP and PVC obtained for material test (Mat experiment). As mentioned in [Table 2](#pone.0172113.t002){ref-type="table"}, three slides of PP and three slides of PVC were characterized per reactor. One slide is missing (PVC, 0.09 Pa) because the DNA extraction did not succeed, hence two replicates are represented on the plot. Euclidian distances between points are proportional to genetic differences between communities.](pone.0172113.g005){#pone.0172113.g005}

4. Discussion {#sec021}
=============

Many studies reported the impact of wall shear stress on bacterial adhesion \[[@pone.0172113.ref009],[@pone.0172113.ref012],[@pone.0172113.ref013],[@pone.0172113.ref032]\]. However, most of them were realized under laminar regime and with pure cultures, conditions that are not representative of industrial and environmental processes \[[@pone.0172113.ref016],[@pone.0172113.ref033],[@pone.0172113.ref034]\]. Thus, this study focused on the adhesion step under turbulent flow (Reynolds number ranging from 5,000 to 72,000) and involving a complex consortium of microorganisms. The objective was to investigate the influence of the wall shear stress on the microbial adhesion, the spatial distribution of bacteria on the substratum and the structure of the attached microbial communities.

As reported in the literature \[[@pone.0172113.ref001]\], biofilm formation starts with microbial adhesion, which can be divided in two steps. The first step consists of physical movements that allow the bacteria to reach the substratum surface. Many forces are involved in this step, such as diffusion, gravity, motility or hydrodynamic forces. Then, the microorganisms create bonds on the substratum surface during a second step. The extended Derjaguin-Landau-Verwey-Overbeek (XDLVO) models \[[@pone.0172113.ref023]\], initially thought for colloidal particles, are widely used to describe and understand this step. Forces such as Van der Waals forces, hydrogen bonds, electrostatic interactions and many others play a key role.

The present work demonstrates that the adhesion is quantitatively enhanced by high wall shear stresses. The improvement of the mass transport promoted the adhesion, facilitating the access of bacteria to the surface of the substratum, the first step of bacterial adhesion. However, a plateau was reached at 3.7 and 7.3 Pa, values showing similar surface coverages. This could be explained by the increase of the detachment forces due to high wall shear rates, jeopardizing the creation of sustainable bonds, the second step of bacterial adhesion. These detachment forces can compensate the positive effect of the mass transport. The ambivalent effect of more intense hydrodynamic conditions on adhesion is well known \[[@pone.0172113.ref011]\]. It increases the access to the substratum thanks to a more efficient mass transport, but also promotes detachment by increasing the shear. The two opposite mechanisms might explain the similar values obtained at 3.7 and 7.3 Pa, both effects compensating each other.

Nevertheless, despite this quantitative resemblance, differences in the spatial distribution were found. Clusters were identified for higher shears and their size increased when increasing the shear stress. Similar behaviors have already been described \[[@pone.0172113.ref009],[@pone.0172113.ref035]\]. Co-adhesion (bacteria attached preferentially to other bacteria already fixed on the substratum forming a growing cluster) and/or co-aggregation (aggregates already formed in the liquid phase and then attached to the substratum) phenomena might have been involved in this clusterisation process \[[@pone.0172113.ref005],[@pone.0172113.ref036]\]. However, this kind of microbial interactions, especially in a diverse bacterial consortium as in this work, is still poorly studied and understood \[[@pone.0172113.ref037]\].

In addition to these morphological considerations, the obtained data demonstrated that different microbiological community structures can occur depending on the shear applied. The change in the bacterial communities is gradual according to the shear magnitude. This could be explained by the different constraints that bacteria have to overcome to be irreversibly attached to the substratum surface. As mentioned previously, bacteria have to reach the substratum surface, and then create chemical bonds with the substratum to make the adhesion sustainable. The ability of bacteria to (i) reach the substratum and (ii) overcome the energy barrier to develop an irreversible adsorption depends on many parameters and the shear is one of them. This could explain why we observed different communities on the slides from the same inoculum (data not shown) and a gradual change in the bacterial communities with the shear. A gradual change in the parameters driving the bacterial selection of the adhesion process is very likely to be acting as the wall shear stress develops. As the mass transport increases, the access to the substratum is facilitated when compared to a low mixing situation. So, more bacteria can reach the substratum, but in return they have to create strong bonds to overcome the associated shear stress. As a consequence, a change in the attached community can be identified, following a change in the selective advantages. Specific assets such as shear dependent adhesion \[[@pone.0172113.ref012]\], cell shape \[[@pone.0172113.ref038]\] or affinity for the substratum \[[@pone.0172113.ref007]\] might represent critical factors explaining the changes in the bacterial community with the applied shear.

The present data also exhibit quantitative differences in adhesion between PP and PVC materials, probably because of different affinities of the microorganisms for these materials. The quantity of bacteria attached on PP substratum was much higher. This corroborates data found in the literature \[[@pone.0172113.ref002],[@pone.0172113.ref004],[@pone.0172113.ref007]\], indicating that rougher and more hydrophobic materials are more suitable for microbial adhesion. In the presence of an anaerobic consortium, it was also demonstrated that PP and PVC materials presented significant differences in the structures of the adhered microbial communities \[[@pone.0172113.ref004]\]. PP also presented a higher number of adhered microorganisms than PVC. It can be noted here that both materials can be considered as smooth when compared to industrial materials and differences in adhesion between PP and PVC were explained by differences in the surface energy. Nevertheless, in the present work, despite these quantitative differences in terms of adhered microorganisms, similarities concerning the impact of shear stress on qualitative characteristics of adhesion (*i*.*e*., size and distribution of particles) were observed between both PP and PVC materials. The different surface characteristics of both materials did not seem to affect the clusterisation process at high shear stresses. The preponderance of the shear impact over the material impact is also highlighted in terms of attached microbial community, as shown by [Fig 5](#pone.0172113.g005){ref-type="fig"}.

In summary, the present work suggests that the wall shear rate can strongly impact the biofilm formation step in terms of microbial community selection and adhesion kinetics and pattern. The presented experimental results were carried out with a diverse inoculum and therefore offer the possibility of assessing the microbial interactions and selection due to shear in the adhesion process. These data suggest that wall shear stress can be a selective lever to promote or prevent the adhesion of a bacterial community. This could be very useful when biofilm is used as a tool such as in environmental biotechnology, where specific populations are expected to grow. In addition, these results show both quantitative and qualitative impacts of the shear on the morphological aspects of adhesion. It would be very interesting to assess the respective contribution of co-adhesion, co-aggregation or bacterial motility on the surface of the substratum known as twitching in the elaboration of the adhesion pattern. Besides being preliminary, these are promising results to either prevent the development of detrimental biofilms or to optimize biofilm-based processes. Further work should however be done to determine whether these differences are smoothed or maintained during biofilm maturation.

Conclusions {#sec022}
===========

-   The number of attached bacteria globally increased with the wall shear stress following a nonlinear relationship. Surface coverages obtained at high shear stresses, 3.7 and 7.3 Pa, exhibited a 5-fold increase compared to values observed at low wall shear stresses, i.e. 0.09 and 0.79 Pa.

-   Different spatial distributions were also observed. A single cell adhesion pattern was identified for low wall shear stresses. But as the shear increased, a cluster adhesion pattern appeared. Clusters formed and their size increased with the shear.

-   Wall shear stress had a strong impact on the attached bacterial communities. A gradual change in the attached microbiological community with the applied wall shear stress has been identified.

-   Adhesion is favored on PP, exhibiting a lower surface energy, rather than on PVC. However, despite the different properties of the materials, similar morphological and microbiological structures were obtained on PVC for the 0.09 and 7.3 Pa wall shear stresses.

Supporting information {#sec023}
======================

###### Results of variability experiments (phase 1) for morphological data.

Coefficients of variation based on four slides of each material (PP and PVC) per condition (i.e. wall shear stress). For each slide, 60 images were recorded which was enough to create a 95% confidence interval with a margin of error of 10% of the mean. Values were slightly higher for PVC material, with one maximum at 26.3%. This is due to the heterogeneity that can exist between two slides of a same manufacturing run.

(PDF)

###### 

Click here for additional data file.

###### Original data from morphological structure characterization for Shear 1, Shear 2 and Mat experiments.

The two following tables give the original non-scaled results (mean and standard variation) for Shear 1 and Shear 2 experiments. The third table presents as a table data illustrated on [Fig 4](#pone.0172113.g004){ref-type="fig"}.

(PDF)

###### 

Click here for additional data file.

###### Results of variability experiments (phase 1) for microbiological data.

SSCP profiles corresponding to the different tested conditions: PP material (A and C) and PVC material (B and D) at 0.09 Pa (A and B) and 7.3 Pa (C and D). Only four PVC profiles were obtained at 7.3 Pa because of unsuccessful DNA extractions on slides PVC3 and PVC4. The repeatability for the bacterial communities was also investigated. Six slides of each material placed under the same shear stress were analyzed with the CE-SSCP fingerprinting technique. For each graph, SSCP profiles overlaid very well, highlighting a good repeatability for both materials and shear.

(PDF)

###### 

Click here for additional data file.

###### Biplots of the PCA performed on Shear 1, Shear 2 and Mat experiments, respectively.

The three following figures present the microbiological characterization of the attached community on the slides for Shear 1, Shear 2 and Mat experiments. Results are presented as biplots with the x-axis being the first principal component and the y-axis being the second principal component. All replicas are shown.

(PDF)

###### 

Click here for additional data file.

###### Original PCR-SSCP profiles of Shear 1, Shear 2 and Mat experiments.

The three following figures present the microbiological characterization of inoculum and attached bacteria on the slides for Shear 1, Shear 2 and Mat experiments. All replicas are shown.

(PDF)

###### 

Click here for additional data file.
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